The results show that maximum seed quality is not attained until some time after the end of the seed-filling phase in bean, and confirm that the slow desiccation that occurs after ovule abscission during natural maturation drying is beneficial to the development of seed quality in bean.
Introduction
The hypothesis that seeds attain maximum seed quality at the end of the seed-filling phase and thereafter lose viability and vigour because they then begin to age (Harrington, 1972) has been contradicted by several studies in cereal (Kameswara Rao et al., 1991; Pieta Filho and Ellis, 1991a, b; Ellis and Pieta Filho, 1992; Ellis et al., 1993; and vegetable crops Ellis, 1992a, b, 1993) . In these studies seed quality continued to improve for some (often considerable) time after this developmental stage. This stage was previously termed physiological maturity (Shaw and Loomis, 1950) , but it has since been argued that, in the light of the above, this term is potentially misleading to seed physiologists and that the term mass maturity is therefore preferable (Ellis and Pieta Filho, 1992) .
In contrast to Harrington's hypothesis, Galau et al. (1991) suggested that seeds of dicotyledonous plants require a post-ovule abscission programme to be completed before the embryos are able to complete the switch from a developmental mode to a germinable mode. The onset of ability to germinate did not require a post-ovule abscission programme in bean (Phaseolus vulgaris L.), but a post-ovule abscission programme and slow desiccation, whether in planta or ex planta, were required for the development of tolerance to rapid enforced desiccation . Tolerance to rapid enforced desiccation to low moisture contents (c. 4%) and resistance to solute leakage from imbibing seeds were both greater following 13 d compared with 2 d of (slow) maturation drying in planta after mass maturity, but these limited observations on these two aspects of seed quality did not enable the time during development and maturation when seeds of bean attain maximum quality to be identified. The objectives of this investigation were to test Harrington's hypothesis by determining when maximum seed quality is attained during seed development and maturation in bean, and to determine whether or not the temperature of the seed production regime influenced this time in bean.
Materials and methods
Seeds of bean (cv. Pompadour PC-50) were sown on 14 May 1993 in 2 1 pots and the plants grown in a plastic tunnel house controlled at a temperature of 30/24 °C (day/night, respectively) and a 12 h d~' photoperiod at the Plant Environment Laboratory, Reading. In a separate experiment, seeds were also sown on 13 May 1994 and 23 May 1994 and the plants grown in two plastic tunnel houses maintained at 30/24 °C (12.33 h d" 1 photoperiod) and 27/21 °C (12 h d" 1 photoperiod), respectively. Eighteen to twenty-two plants were harvested serially in 1993 and 1994, respectively, and seeds were handshelled immediately from the pods before seed moisture content (%, fresh weight basis), mean seed dry weight, and ability to germinate (of both fresh and rapidly-dried seed) were determined. Details of these determinations and of plant husbandry and culture are presented in .
In both 1993 and 1994, samples of the seeds subjected to rapid enforced desiccation to 14-16% moisture content following each harvest were sealed in laminated aluminium foil packets and stored at -20 °C until seed longevity was determined. Seeds were withdrawn from storage and held sealed overnight at 20 °C before opening the packets, in order to prevent moisture condensing on the cold seeds. Each seed lot was adjusted to 14% moisture content (±0.2%), by humidifying above water at 20 °C or drying further at 15°C with 15% rh, and stored hermetically for 3-4 d (to allow moisture content to equilibrate within and among seeds). Seed moisture contents were then determined. Eight samples of 100 seeds of each lot were sealed in separate laminated aluminium foil packets and then stored at 40°C (±0.5°C). These samples were removed for germination tests (the criterion being normal seedling development, ISTA, 1993a, b) after different periods (maximum 80 d) of experimental storage. Germination tests were carried out between rolled moist paper towels (four replicates each of 25 seeds) at an alternating temperature of 20/30 °C (16/8 h) for 14 d. Seed survival curves were fitted to these observations for all seed lots by probit analysis using GLIM (Baker and Nelder, 1978) according to the equation
where v is probit percentage viability after p days in storage, K, is the seed lot constant, and a is the standard deviation of the frequency distribution of seed deaths in time (Ellis and Roberts, 1980) .
Results
Seed moisture content at mass maturity was close to 50% in all three seed production regimes (Table 1 ). In the warmer regime the durations of the seed-filling phase and mature dry seed weights were almost identical between years, this phase and mature seed dry weights being 7.4% and 19.0% (respectively) greater at 27/21 = C than at 30/24 °C in 1994 (Table 1) . Seed moisture contents declined by between 2.3% d" 1 and 3.4% d" 1 in the 8-13 d after mass maturity , i.e. during maturation drying after the end of the seed-filling phase. Survival of seeds during post-harvest air-dry storage in 1993 showed the characteristic sigmoidal pattern of loss in viability with duration in storage (Fig. 1) . The frequency distribution of seed deaths in time (a of equation 1) did not differ significantly among the samples harvested on different dates (/ > >0.05); i.e. seed harvest date did not affect the estimate of a, the common estimate being 21.3 d. Seed harvest date affected, however, the intercept (K; of equation 1) of these five survival curves (P< 0.005); its effect was to displace the seed survival curves in time ( ( Fig. 2) , as did initial normal germination (values at zero time in Fig. 1 ). Similarly, in 1994, seed survival during air-dry storage varied considerably among the samples harvested on different dates for both seed production environments. Seed survival curves from both regimes in 1994 also showed the typical sigmoidal curves (Figs 3, 4) , with no significant difference in the slope (a) of these curves among the different harvest dates within (P>0.05) or between the two seed production environments (P>0.05). Thus all 17 seed survival curves were constrained to a common value (20.9 d). Differences in longevity among the eight and nine survival curves for seed lots produced in the warm and cool regimes, respectively, with harvest date were considerable (Figs 3, 4) . Seed harvest date affected the intercept of the transformed seed survival curves, A^, in both the cool and warm regimes significantly (P<0.005). The estimates of K, were also affected significantly by the temperature of the seed production regime (P<0.005), and by the interaction between this factor and harvest date (P< 0.005). In the warmer regime, potential longevity increased consistently during seed development and maturation until 47 d after 50% first flowering (Fig. 5 ). Seed moisture content had declined naturally to 18.3% at this time . Thereafter, some decline in A^, but also much variation was apparent (Fig. 5) . In the cooler regime, the increase in A", during development and maturation was identical to that detected in the warm regime until 47-49 d after 50% first flowering and this improvement continued, albeit at a reduced rate, until maximum potential longevity was attained 70 d after 50% first flowering (Fig. 5) .
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Thus, maximum potential longevity was attained 23 d later in the seed production environment 3 °C cooler and was also greater than the maximum value obtained in the warmer regime, but these differences between the two regimes were not apparent until 52 d after 50% first flowering and thereafter (Fig. 5) .
Discussion
The seed survival curves conformed to negative cumulative normal distributions (Figs 1, 3, 4) , and the same storage environment (40 °C with 14% moisture content) provided the same estimate of the standard deviation of the frequency distribution of seed deaths in time for all the seed lots harvested at different times from different environments (21.3 d and 20.9 d in 1993 and 1994, respectively) . Thus these observations conform to the seed viability equation of Ellis and Roberts (1980) in which, within one storage environment, variation in longevity among different seed lots is accounted for by variation in the value of the seed lot constant, K t . During the two (30/24 °C, 1994), three (30/24 °C, 1993), or five (27/21 °C, 1994) weeks of maturation drying which began at mass maturity considerable and consistent improvement in K, (potential longevity) was detected (Figs 2, 5). Maximum potential longevity was attained after seeds had dried naturally during this phase to 17% (30/24 °C, 1993), 18% (30/24°C, 1994) , and 16% (27/21 °C, 1994) moisture content . This narrow range of moisture contents is only just above the value indicating harvest maturity.
The trends in the results for the development of seed quality in bean cv. Pompadour PC-50 produced at 30/24 °C and 27/21 °C are similar to those reported for seeds of the bean cvs Canyon and Cascade (Siddique et ai, 1987) . They observed that the quality (assessed by normal seedling development of dried seeds) of bean seeds harvested and then immediately threshed and dried (in a well-ventilated shed) continued to increase during seed development and maturation in both cultivars after the end of the seed-filling phase. Maximum seed quality was obtained from the last harvest of cv. Cascade when seed moisture content had dried naturally to below 25%, and in cv. Canyon when seed moisture content had declined to about 17-18% moisture content (Siddique et ai, 1987) . Thus it is apparent from the above and also other results for desiccation tolerance to low moisture contents and the electrical conductivity of seed steep water ) that seed quality in bean (i.e. seeds dried rapidly) increases during the phase of slow maturation drying that begins at the end of the seed-filling phase and that the results do not support Harrington's hypothesis that seeds attain maximum seed quality at the end of the seed-filling phase and that viability and vigour decline thereafter. Rather, all these results for bean demonstrate the importance of both a post-ovule abscission programme (Galau el al., 1991) and the slow desiccation that occurs during maturation drying to air-dry seed survival. The considerable, consistent increase in seed longevity after mass maturity (Figs 2, 5) during the maturation drying phase when seeds dry slowly (compared to rapid enforced desiccation ex planta, that is) corresponds with the effect of slow drying ex planta on the desiccation tolarance and electrical conductivity of the steep water of immature seeds of bean . It is possible that this beneficial effect of slow drying may help to explain why certain results have been obtained which appear to support the hypothesis of Harrington (1972) . For example, in soyabean (Glycine max (L.) Merrill) maximum seed quality had developed by the end of the seed-filling phase (TeKrony et al., 1980) . In that research, whole plants were harvested and initially air-dried intact at room temperature before pods were then removed and threshed (i.e. effectively slow drying the seeds first as well as providing an opportunity for seed-filling to continuesince this can occur when immature seeds are dried slowly within pods ) before assessing seed quality. In contrast, Sun and Leopold (1993) and Zanakis et al. (1994) removed soyabean axes or seeds (respectively) immediately after harvesting and then dried them rapidly before conducting seed quality tests. In these two investigations, seed quality continued to improve after the end of the seed-filling phase. In terms of seed production practices, it can be argued that the former approach is realistic for situations in which seed crops are cut and wind-rowed some time before harvest, whereas the latter approach is realistic for direct harvesting-and the only way of determining the status of seeds at a particular developmental stage. However, in both cases, it is suggested that the results show the benefit of slow drying after the end of the seed-filling phase. Thus slow dehydration whether ex planta or in planta, after ovule abscission, whether natural or enforced, is beneficial to the development of seed quality. The period of slow maturation drying which began at mass maturity during which potential longevity increased consistently was substantially greater in the cooler than the warmer seed production regime (34 d compared to 13 d, Fig. 5 ). Maximum potential longevity was also slightly greater in the cooler regime (Fig. 5 ). This benefit of the cooler regime tallies with the results of Siddique and Goodwin (1980) for bean, and also, for example, those of rice (Oryza sativa L.) (Ellis et ai, 1993; Ellis and Hong, 1994) . This cooler mean temperature of 24 °C (i.e. day and night temperatures of 27 °C and 21 °C, respectively) is close to the upper limit of typical mean temperatures (17.5-25°C) for Central and South American regions (CIAT, 1978; Kay, 1979) where the coloured-seeded cv. Pompadour PC-50 is grown. Thus, it is possible that reducing the mean temperature below 24 °C could result in still better quality seed. 
